Purpose: The extent to which hemodynamic erectile responses predict penile buckling forces has not previously been analytically investigated. An engineering study was performed to compare hemodynamic data with penile buckling force values. Methods: Dynamic infusion pharmacocavernosometry studies in 21 impotent patients (age 43, range 24±62 y) were accomplished to obtain information during penile erection concerning hemodynamic values, penile buckling forces and their determinants: intracavernosal pressure, erectile tissue mechanical properties and penile geometry. Results: In the 21 patients, discrepancies existed in several patients who demonstrated normal hemodynamic values (low¯ow-to-maintain and high equilibrium intracavernosal pressures) but elevated cavernosal compliance values and diminished penile buckling forces. There was poor correlation between cavernosal compliance and equilibrium intracavernosal pressure (r 70.36); better correlation between compliance and expandability (r 70.72) and best correlation between dimensionless compliance and the dimensionless product of expandability with equilibrium pressure (r 70.88). These data implied that cavernosal compliance was dependent on multiple factors, not only equilibrium intracavernosal pressure. Conclusions: Hemodynamic indices which correlate with intracavernosal pressure alone do not predict penile buckling forces since the latter are dependent not only on intracavernosal pressure but also on penile geometry and erectile tissue properties. The most relevant tissue property in predicting adequate penile buckling forces is cavernosal expandability. A new impotence classi®cation system and diagnostic algorithm based on the determinants of penile rigidity and not exclusively on hemodynamic responses is proposed.
Introduction
Penile rigidity, the ability of the erect penis to overcome vaginally-mediated axial compressive forces during coitus, occurs when corporal smooth muscle relaxation induces increased arterial in¯ow and restricted venous out¯ow resulting in constrained, increased blood volume within the stretched penile tunical envelope. 1 Although penile rigidity usually follows normal physiologic hemodynamic erectile responses, there are situations where the quality of penile rigidity does not directly correlate with the quality of the physiological hemodynamic erectile responses. 2 Such disparities between penile rigidity and hemodynamic responses are confusing both to patients and clinicians. For example, penile rigidity may develop despite hemodynamic impairments, that is, where the equilibrium intracavernosal pressure is lower than the normal physiologic hemodynamic value responses. 2 In such cases, patients may possess the ability to have satisfactory intercourse despite the recording of abnormal hemodynamic integrity by such studies as duplex Doppler ultrasonography 3 or dynamic pharmacocavernosometry. 4 On the other hand, penile rigidity may be inadequate despite the observation of normal physiologic hemodynamic erectile responses by erectile function testing. Such patients have often been classi®ed as having psychogenic impotence but physical factors other than hemodynamic variables have been shown to affect the magnitude of penile buckling forces. 2 There has been a paucity of investigation concerning the relationships between hemodynamic responses and penile rigidity responses. Hemodynamic testing procedures predict in¯ow and out¯ow parameters, while penile buckling forces predict the ability of the erection to prevent deformation following vaginally-mediated axial loading. It is the intent of this portion (Part III) of the multi-study engineering investigation of penile hemodynamic and structural-dynamic relationships to study, for the ®rst time, analytic interrelationships among hemodynamic parameters (such as equilibrium pressure and¯ow-to-maintain values) and the con-stituents of penile buckling forces (intracavernosal pressure, penile geometry and penile mechanical tissue properties).
Methods

Pharmacocavernosometry
A patient study group was composed of consecutive impotent patients who underwent dynamic infusion pharmacocavernosometry from May to June 1994 by a re-dosing technique previously described. 4 Hemodynamic data obtained included equilibrium pressure P eq ,¯ow-to-maintain and venous out¯ow resistance for various intracavernosal pressures, pressure decay from an initial pressure of 150 mmHg over 30 s cavernosal artery systolic occlusion pressure and gradients to the brachial artery systolic occlusion blood pressure (P brach ±P cav ). In all cases, complete smooth muscle relaxation was felt to exist on the basis of pressure±¯ow-to-maintain and pressure±venous out¯ow resistance relationships. Modi®cations in technique concerning geometric (Part I) 5 and buckling force data (Part II) 2 were previously reported. In all cases, intracavernosal pressures P are expressed as DP, the pressure rise above the¯accid pressure.
Engineering analysis
A newly described mathematically derived model of hemodynamic and structural-dynamic characteristics of penile erection was developed which incorporated penile tissue mechanical properties (Part I) 5 and penile buckling forces (Part II). 2 A series of analyses were performed (Part III) to further examine the relationship between the erectile hemodynamic variables described above and the constituents of penile buckling force.
Comparison of¯ow-to-maintain, cavernosal compliance and penile buckling force with intracavernosal pressure. Hemodynamic data was available in all 21 patients. For the patient population,¯ow-tomaintain values were correlated to equilibrium intracavernosal pressure values and demonstrated a strong correlation (r 70.80). There were patients (11 and 19) , however, who demonstrated low¯ow-to-maintain values at high equilibrium intracavernosal pressures (such patients would generally be considered as normals) who also had high compliance values at t 30 s following termination of saline infusion. Cavernosal compliance values were similarly plotted against equilibrium intracavernosal pressure values (Figure 1 ; cavernosal compliance vs equilibrium pressure data were also reported in previous literature studies). Cavernosal compliance was previously calculated (Equation 22 of Part 1) 5 where it was shown that at a given pressure, compliance was determined in terms of tissue mechanical properties, penile geometry and intracavernosal pressure (similar factors were used to determine the theoretical penile buckling forces). The correlation in our study was poor (r 70.36).
To help understand the basis for the poor correlation, the graph in our study was arbitrarily divided into six regions based on cavernosal compliance, equilibrium pressure and normal (FTM P150 mmHg 3 mlamin) and abnormal (FTM P150 mmHg b 3 mlamin)¯ow-to-maintain values. If patients 7,12,18 and 20 (Region I), patient 9 (Region III) and patients 11 and 19 (Region V) are eliminated from consideration, the correlation coef®cient is r 70.81 for the 14 remaining patients (all in the lower three regions). To further comprehend the basis for the poor correlation of cavernosal compliance to equilibrium intracavernosal pressure in the above seven patients, we plotted the buckling force vs intracavernosal pressure P curves for six selected patients (5, 10, 11, 15, 19 and 21) (Figure 2 ).
Comparison of cavernosal compliance with cavernosal expandability. Two observations were noted in the above correlations. First, the fact that compliance did not correlate well with equilibrium pressure in all 21 patients implied that equilibrium pressure was not its only determinant or alternatively that other factors determined cavernosal compliance. Second, if certain patients were eliminated from analysis, there was correlation between compliance and equilibrium pressure. The seven patients that did not correlate all had low values of cavernosal expandability. Thus we wished to explore the relationship between cavernosal compliance and cavernosal expandability. , Part I in which cavernosal compliance has dependency upon pressure and expandability). 5 To further examine these relationships, cavernosal expandability, in units of inverse pressure, was multiplied by equilibrium pressure, thus creating a new dimensionless variable XP eq . Cavernosal compliance, in units of mlammHg, was divided by cavernosal expandability times the erect volume, thus creating a second new dimensionless variable C comp aXV E . Figure 4a illustrates C comp aXV E selected for the ordinate with XP eq Figure 1 These graphs depict cavernosal compliance values plotted against equilibrium intracavernosal pressure values. Since cavernosal compliance varies with pressure, the value for cavernosal compliance was recorded at t 30 s following termination of saline infusion from an initial pressure of 150 mmHg, similar to previously published studies (Frohrib) . Hemodynamic data was available in all 21 patients. The overall correlation in our study was poor (r 70.36), implying that equilibrium pressure was not the only determinant of cavernosal compliance. To help with data analysis, the graph was arbitrarily divided into six regions based on cavernosal compliance, equilibrium pressure and normal (FTM P150 mmHg 3 mlamin) and abnormal (FTM P 150 mmHg b 3 mlamin)¯ow-to-maintain values. The left graph reveals the patient values without the corresponding patient number to better illustrate the correlation (r 70.81) for the 14 patients, excluding patients 7, 12, 18, and 20 (Region I), patient 9 (Region III) and patients 11 and 19 (Region V) with high compliance values.
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as the abscissa (patient 20 is again excluded from analysis) with a correlation coef®cient r 70.88. . 5 The incorrect assumption used for the derivation of cavernosal compliance in the previous literature was that compliance was constant over the range of intracavernosal pressures. 6 In Figure 4b , the dimensionless variables selected were C H comp aXV E and XP eq, the same as in Figure 4a . The correlation coef®cient is r 70.34.
Comparison of penile buckling force with cavernosal expandability, intracavernosal pressure and tunical distensibility. To further assess the in¯uence of Engineering analysis of penile hemodynamics and structural-dynamicsÐPart III D Udelson et al cavernosal expandability on penile buckling forces ( Figure 5 ), penile buckling forces of the 21 patients in the study were plotted as a function of cavernosal expandability X, assuming a hypothetical intracavernosal pressure rise of 40 mmHg from the¯accid intracavernosal pressure. The magnitudes of the penile buckling forces were divided into regions based on the work of Karacan 7 who demonstrated that a rod inserted with a thrust of 1.5 kg achieved vaginal intromission in all of his female volunteers, while thrusts less than 0.5 kg achieved intromission in none. In Figure 5a , the buckling force intromission thresholds thus varied between 0.5 and 1.5 kg. Patients 1, 10 and 15, who had the three highest value buckling forces exceeding 2 kg, were eliminated for better resolution (r 0.95 for the 21 patients) in Figure 5b . Figure 6 demonstrates the intracavernosal pressure rise necessary to produce a penile buckling force of 2 kg (magnitudes able to achieve intromission) over the range of several parameters including equilibrium pressures, cavernosal expandabilities, tunical distensibilities and ages of the 21 patients in the study.
Statistics
Data are presented as mean AE standard deviation. Correlation coef®cients were calculated for the best ®tting curves.
Results
Pharmacocavernosometry
The individual hemodynamic results and hemodynamic diagnoses of the 21 patients in the study group are illustrated in Table 1 .
Engineering analysis
Comparison of¯ow-to-maintain, cavernosal compliance and penile buckling force with intracavernosal pressure. In Figure 1 , the four patients in region I Figure 4 To further examine these relationships, cavernosal expandability, in units of inverse pressure, was multiplied by equilibrium pressure, thus creating a new dimensionless variable XP eq . Cavernosal compliance was divided by cavernosal expandability times the erect volume, thus creating a second new dimensionless variable C comp aXV E . Figure 4a illustrates C comp XV E selected for the ordinate with XP eq as the abscissa (patient 20 is again excluded from analysis) with a correlation coef®cient r 70.88. The corresponding patient number is included. Figure 4b Engineering analysis of penile hemodynamics and structural-dynamicsÐPart III D Udelson et al had the highest compliance values at t 30 after termination of saline (C comp b 0.075 mlammHg) for a given low range of intracavernosal pressure (P eq`5 3 mmHg). Patient 20 had a value of cavernosal compliance (C comp 0.83 mlammHg) more than three times as high as the next highest value, patient 12 (C comp 0.27 mlammHg). All four patients in region I (7, 12, 18 and 20) had Peyronie's disease and no patients in the other ®ve regions had Peyronie's disease. All four of these patients required a saline infusion rate greater than 3 mla min (normal 3 mlamin or less) 5 to maintain an intracavernosal pressure of 150 mmHg. The four patients in region II had moderately elevated cavernosal compliance values (C comp`0 .075 mla mmHg) for the low range of intracavernosal pressure (P eq`5 3 mmHg) but also had abnormal¯ow-to maintain rates.
Transition regions III and IV consisted of ®ve patients with moderately low cavernosal compliance values (C comp`0 .075 mlammHg) with normal and abnormal¯ow-to-maintain values and moderate equilibrium intracavernosal pressure values (53`P eq`6 4 mmHg).
All seven patients in regions V and VI were found to have normal¯ow-to-maintain values (FTM P150 mmHg 3 mlamin) and high equilibrium pressure values (P eq b 64 mmHg). By hemodynamic testing such patients have normal veno-occlusive function and threshold cavernosal artery systolic occlusion pressures. Using cavernosal compliance values, patients 19 and 11 fall in region V (C comp b 0.025 mlammHg). Comparing penile buckling force data to intracavernosal pressure (Figure 2 ), patients 19, and 11 can be seen to have abnormal buckling function, that is, at relatively high intracavernosal pressure values they were subject to low penile buckling forces despite the normal¯ow-to-maintain and high equilibrium pressure values. On the other hand, patients 21 and 5, in region VI (C comp0 .025 mlammHg), had high equilibrium pressures, low¯ow-to-maintain values and, based on buckling force data (Figure 2 ), these patients have normal buckling function with high buckling forces at Figures 5 (a,b) To further assess the in¯uence of cavernosal expandability X, penile buckling forces of the 21 patients (Figure 5a ) in the study were plotted as a function of X, assuming a hypothetical intracavernosal pressure rise of 40 mmHg from the¯accid pressure. The magnitudes of the penile buckling forces were divided into regions based on the work of Karacan who demonstrated that a rod inserted with a thrust of 1.5 kg achieved vaginal intromission in all of his female volunteers, while thrusts less than 0.5 kg achieved intromission in none. The buckling force intromission thresholds thus varied between 0.5 and 1.5 kg. Patients 1, 10 and 15, who had the three highest value buckling forces exceeding 2 kg, were eliminated for better resolution (r 0.95 for the 21 patients) (Figure 5b ). Figure 6 This demonstrates the intracavernosal pressure rise over¯accid pressure necessary to produce a penile buckling force of 2 kg (magnitudes able to achieve intromission according to Karacan) over the range of several parameters including equilibrium pressures, cavernosal expandabilities, tunical distensibilities and ages of the 21 patients in the study. The only parameter which yielded a signi®cant correlation was cavernosal expandability. There was an absence of signi®cant correlation between the pressure necessary to produce a buckling force of 2 kg and equilibrium pressure, tunical distensibility and age. While age did not show correlation in this study, a larger study population, especially including potent subjects, might be expected to produce such a correlation. (C comp0 .025 mlammHg) and based on Figure 2 , they both exhibit excellent buckling function with high resistance to buckling even at relatively low intracavernosal pressures. The theoretical curves in Figure 2 agree with the clinically measured buckling forces.
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Comparison of cavernosal compliance with cavernosal expandability. There is poor correlation of cavernosal compliance with equilibrium pressure in Figure 1 for all 21 patients. The correlation is better (r 0.81) for the patients in the lower regions II, IV and VI with cavernosal compliance values (C comp`0 .075 mlammHg in Region I (eliminating those four patients with Peyronie's disease) and C comp`0 .025 mlammHg in Regions IV and VI (eliminating those three patients with favorable hemodynamics but poor buckling and low expandability values). An explanation may be gleaned if cavernosal compliance is plotted against cavernosal expandability X. Although patient 20 has been excluded the correlation coef®cient (r 70.72) is the same with or without patient 20 for all 21 patients. It is now seen that patients 10 and 15 (who despite hemodynamic impairment exhibited excellent buckling force function) have the highest value of cavernosal expandability X. In contrast, patients 19 and 11 (who despite normal hemodynamic function exhibited poor buckling force function) have among the lowest value of cavernosal expandability. These penile tissue mechanical characteristics help explain the phenomena exhibited by Figures 1 and 2 .
It thus appears that cavernosal compliance is dependent on multiple factors including equilibrium pressure and cavernosal expandability. Figure 4 denotes the relationship between dimensionless cavernosal compliance and the dimensionless product of intracavernosal pressure with expandability. Again, while patient 20 has been excluded, the correlation coef®cient r 70.88) was unchanged with or without this patient. The dimensionless variable XP eq ranges in magnitude from 1.64±9.51 for the 21 patients while the maximum value of the dimensionless variable CaXV E is 0.06. For comparison purposes, Figure 5 depicted the dimensionless variables C H comp aXV E plotted against XP eq . Utilizing the¯awed version of cavernosal compliance C H comp , the correlation coef®cient for the 21 patients was 70.34 instead of 70.88 using the new derivation of cavernosal compliance. Comparison of penile buckling force with cavernosal expandability, intracavernosal pressure and tunica distensibility. It is seen that all 10 patients with low cavernosal expandability values (X`0.08 mmHg 71 ) would buckle at forces less than 0.5 kg for an intracavernosal pressure rise of 40 mmHg ( Figure 5 ). All ®ve (including patients 1, 10 and 15 eliminated in the graph to achieve better graph resolution) patients with high cavernosal expandability values (X b 0.10 mmHg
71
) would buckle at forces greater then 1.5 kg for DP 40 mmHg The remaining six patients with cavernosal expandability values 0.08`X`0.10 mmHg 71 buckle at forces between 0.5 and 1.5 kg. Finally, it is of interest to note the correlation of the intracavernosal pressure necessary to produce a given buckling force (chosen to be 2 kg in Figure 6 ) with several other parameters for the 21 patients. The only parameter which yielded a signi®cant correlation (r 70.97) was cavernosal expandability. There was an absence of signi®cant correlation between the pressure necessary to produce a buckling force of 2 kg and equilibrium pressure, tunical distensibility and age.
Discussion
There has been confusion in the literature concerning the interchangeable use of hemodynamic integrity with penile rigidity and erectile potency. 8±10 The problem is based on the clinical misconception that an erection with normal hemodynamic responses is invariably associated with normal rigidity and erectile potency or that an erection with abnormal hemodynamic responses is invariably associated with abnormal rigidity and impotence. There have been multiple erectile function studies of hemodynamic in¯ow and out¯ow integrity. In the urological literature, the following indices have been reported as values consistent with normal hemodynamic integrity on one hand and vasculogenic impotence on the other hand respectively. Penile brachial index values greater than 0.8 or less than 0.6; 11 peak systolic velocity values greater than 30 cmas or less than 25 cmas; 3, 12 end-diastolic velocity values less than 3 cmas or greater than 5 cmas; 3,12¯o w-to-maintain pressure values less than 3 mlamin or greater than 5 mlamin; 5 pressure decay following termination of infusion values less Figure 7 Impotence classi®cation based on the three factors affecting penile rigidity. Intracavernosal pressure, at all times the difference between in¯ow and out¯ow pressure contributions, is dependent upon psychogenic, neurologic, endocrinologic and vascular events which induce arterial smooth muscle relaxation, arterial in¯ow and veno-occlusive function. Adverse hemodynamic arterial and veno-occlusive parameters (anxiety, trauma, atherosclerosis, anemia, corporal ®brosis) in¯uence penile rigidity through the lowering of intracavernosal pressure. The most relevant adverse penile tissue mechanical property is low cavernosal expandability. Adverse penile geometry is associated with small¯accid penile diameter andaor low penile aspect ratios (DaL). Figure 8 The algorithm for the evaluation of the impotent male should begin with history, physical examination, laboratory testing and psychologic interview in all patients (center of ®gure).
In the past, the diagnostic evaluation focused on hemodynamic erectile function testing which attempted to conclude erectile potency status on the basis of in¯ow and out¯ow integrity alone (upper portion of ®gure). The modern diagnostic evaluation algorithm incorporates the need to assess pressure volume studies with axial buckling forces. If these are normal, potency exists. If these are abnormal, the diagnostic examinations may reveal abnormalites in hemodynamics, tissue mechanical properties or penile geometry. Recording pressure-volume data with buckling force determination should be theoretically possible in an of®ce-setting.
Engineering analysis of penile hemodynamics and structural-dynamicsÐPart III D Udelson et al than 45 mmHg over 30 s or greater than 50 mmHg over 30 s; 5 and pressure gradients between the brachial and cavernosal systolic arterial blood pressure less than 35 mmHg or greater than 40 mmHg. 5 Hemodynamic parameters directly in¯uence equilibrium intracavernosal pressure during erection. 5 The value of equilibrium steady-state intracavernosal pressure is the in¯ow pressure contribution less the out¯ow pressure contribution. The value of equilibrium steady-state intracavernosal pressure is adversely affected by disorders that either diminish in¯ow (such as from atherosclerosis or traumatic arteriopathy of the hypogastric-cavernous arterial bed) or increase out¯ow (such as from incomplete smooth muscle relaxation, cavernosal ®brosis or anemia).
Hemodynamic parameters do not in¯uence penile geometric factors or penile tissue mechanical properties. Penile rigidity is the physical parameter which characterizes the capability of the erection to be functionally utilized for vaginal penetration. 7 Penile rigidity is not exclusively determined by the value of equilibrium intracavernosal pressure. The major factors which predict high penile buckling forces other than high values of intracavernosal pressure are high values of cavernosal expandability, high values of penile aspect ratios and high accid penile diameters. Patients (such as 19 and 11 in this study) exist who have high equilibrium pressure values (based on normal or relatively normal hemodynamic in¯owaout¯ow criteria) and who, in addition, have low cavernosal expandability values andaor low penile aspect ratios andaor low¯accid penile diameters. Such patients may have inadequate penile buckling forces and erectile impotence. Thus, these patients with normal erectile hemodynamics may be erroneously labelled as having psychogenic dysfunction. Their true pathophysiology may be related to abnormal tissue mechanical properties andaor geometric which impair the ability to generate adequate penile buckling forces for vaginal penetration.
These data suggest that a new classi®cation system for impotence be considered. Erectile dysfunction is the consistent inability to achieve an erection of suf®cient rigidity for satisfactory sexual intercourse. The new classi®cation system (Figure 7) is based on factors which determine erectile rigidity such as intracavernosal pressure, penile tissue mechanical property characteristics and penile geometry.
A new diagnostic algorithm for the evaluation of impotent men is also considered (Figure 8) . Patients who claim inability to achieve suf®cient penile rigidity for successful intercourse and undergo traditional erectile function testing which fails to identify any organic pathophysiology, should consider undergoing pressure-volume studies with buckling force determination during pharmacocavernosometry. 2 Such information (intracavernosal pressure, pendulous length, diameter and buckling force during erection) should theoretically be obtainable in an of®ce-setting. Such patients may have their impotence due to uniquely disadvantageous tissue mechanical andaor geometric characteristics (low cavernosal expandability, low penile aspect ratio andaor low¯accid penile diameter) which prevent adequate penile buckling forces (similar to patients 11 and 19).
In addition, the discrepancy between hemodynamic and penile rigidity factors has relevant clinical importance. There are patients who may claim insuf®cient rigidity for vaginal penetration with penile curvature associated with either congenital or acquired pathophysiologies. If such patients undergo a Nesbit plication penile surgery which results in shortening of the erect penile length (penile aspect ratio DaL increased, other parameters being equal), improved buckling forces and an enhanced ability to have successful vaginal penetration may ensue. This may be the explanation for the observation by Claes et al, 13 who have shown a signi®cant increase in post-operative penile rigidity following Nesbit plication surgery in 23 patients. 13 This may also explain why there are so few reports of post-operative impotence following Nesbit plication surgery as compared to curvature surgery involving tunical graft replacement (penile aspect ratio may decrease) where post-operative impotence has been reported. 14 The opposite may be applicable in some patients who claim suf®cient rigidity for vaginal penetration but have abnormal hemodynamic erectile function studies. Such patients may have uniquely advantageous tissue mechanical andaor geometric properties (high cavernosal expandability or high penile aspect ratio or high¯accid diameter) to account for the adequate penile buckling forces (similar to patient 15). Treatment of such patients by erectile dysfunction therapies, especially penile prostheses insertion, solely because they have abnormal hemodynamic test results, should be discouraged.
Conclusions
In summary, a multi-study engineering investigation of penile hemodynamic and structural-dynamic relationships has been undertaken. This portion of the study correlated penile hemodynamic with penile rigidity responses. Hemodynamic responses predict the value of equilibrium intracavernosal pressure and thus account for only 1 of the 3 factors which determine penile rigidity. Hemodynamic Figure 7 ) and a new diagnostic algorithm for impotence management (Figure 8 ) is suggested. It is anticipated that further research into penile rigidity determinants will help uncover novel diagnostic methodologies and alternative therapeutic strategies for erectile dysfunction management.
